Abstract: Five lanthanide coordination clusters (CCs) [Ln7(μ3-OH)4(deg)2(Hdeg)2(ben)11]· xCH3CN [Ln=Eu (1), Gd (2), Tb (3), Dy (4), Ho (5); H2deg=diethylene glycol, Hben=benzoic acid, x=7 for 1-4 and 6 for 5] with diethylene glycol and benzoic acid as ligands have been prepared and structurally characterized. All CCs consist of a heptanuclear lanthanide core with a scarce tip-sharing doublebutterfly topology. Magnetic measurements revealed that CC 4 exhibits slow magnetic relaxation with an energy barrier of about 6K, whereas CC 3 shows outstanding magnetocaloric effect with entropy change of 34.6 J Kg -1 K -1 at 2K and ΔH=7T. The photoluminescent properties of CCs 1, 3 and 4 were also investigated, displaying intense characteristic emission spectra of Eu III , Tb III and Dy III ions.
Introduction
Nano-size lanthanide coordination clusters (CCs) have been widely explored in the recent past due to their fascinating single molecule magnet (SMM), [1] magnetic cooler, [2] and luminescent properties.
[3] SMMs show slow relaxation or/and hysteresis below a certain temperature (called blocking temperature), and thus can be considered as good candidates for high density information storage, quantum computing and spintronic devices. [4] The behavior of SMMs depends on the spin ground state and anisotropy. The heavy lanthanide ions, such as Tb III , Dy III , Ho III , carry significant spin and present high anisotropy deriving from strong spin-orbital coupling. Therefore, CCs with assembly of such heavy lanthanide ions could show remarkable ability to behavior as SMM. On the contrary, CCs with Gd III ions, where Gd III ion is isotropic and has a large spin, can exhibit large magnetocaloric effect (MCE), which can act as eco-friendly coolant for liquid helium temperature cooling. [2] Besides the intriguing magnetic properties, lanthanide CCs have also displayed strong, narrow and long-lived emissions from visible to near-infrared region arising from internal f-f transitions, which results in their diverse applications as electroluminescent devices and bio-sensors. [5] To stabilize a lanthanide CC with interesting magnetic or/and luminescent properties, the selection of appropriate organic ligand which can bridge lanthanide ions for magnetic information and energy transfer is crucial. Several types of ligands, such as Schiff-base, [6] diketone, [7] carboxylic acid, [8] ethanolamine [9] and calixarene, [10] have been employed to construct lanthanide CCs and their nuclearity vary from 2 to 104. [1] [2] [6] [7] [8] [9] [10] [11] [12] Lanthanides are hard Lewis acids and thus have high affinity to coordinate with oxygen donors. In this work, we decided to use a mixed ligand synthetic strategy for the synthesis of new polynuclear lanthanide CCs incorporating diethylene glycol (H2deg) and benzoic acid (Hben). The reason for the selection of this system is manifold. A) Both organic molecules bear only oxygen atoms as donors. B) H2deg was used in lanthanide coordination chemistry for the first time almost three decades ago, however, the nuclearity of all the resulting products was limited to one or two. [13] C) It has been established that benzoic acid not only can give additional bridging between cations, leading to larger CCs, but also provide various pathways for magnetic interactions and energy transfer (antenna effect). [14] As a result, a series of heptanuclear lanthanide CCs, formulated [Ln7(μ3-OH)4(deg)2(Hdeg)2(ben)11]· xCH3CN [Ln=Eu (1), Gd (2), Tb (3), Dy (4), Ho (5); x=7 for 1-4 and 6 for 5] with scarce tip-sharing double-butterfly topology were isolated, and their SMM, magnetic cooler and emissions behavior were studied.
Results and Discussion

Synthetic aspects
The reaction of H2deg, Hben, Ln(NO3)3·6H2O and Et3N (molar ratio 10:1:0.5:2) in CH3CN under aerobic condition produced five CCs, formulated [Ln7(μ3-OH)4(deg)2(Hdeg)2(ben)11]·xCH3CN where Ln=Eu (1), Gd (2), Tb (3), Dy (4), Ho (5); x=7 for 1-4 and 6 for 5. Experiments with different ratio (1:1:0.5:2) or changing the raw material from Ln(NO3)3·6H2O to LnCl3·6H2O gave the same products, in lower yields, as it was confirmed by IR and PXRD studies. The crystals of 1-5 lose the lattice solvent CH3CN and absorb water quickly in the air after filtration, which has been verified by elemental analyses and IR spectra ( Figure S1 ). The PXRD patterns of 1-5 deviate from the simulated one due to the replacement of lattice CH3CN by water. All the experimental PXRD patterns are similar, confirming the isomorphous nature of 1-5 ( Figure S2 ).
Structural analysis
Single crystal X-ray diffraction analyses show that all five CCs are isoskeletal and crystallize in triclinic space group P-1 with Z=2. Therefore, only the structure of 4 is described here in detail. The asymmetric unit of 4 consists of a neutral FULL PAPER heptanuclear [Dy7(μ3-OH)4(deg)2(Hdeg)2(ben)11] CC and seven acetonitrile molecules ( Figure 1a ). The heptanuclear core can be described as two Dy4(μ3-OH)O4 "butterflies" sharing the wing-tip position (Dy4) (Figure 1b 
Topological aspects
Although several heptanuclear lanthanide CCs with different topologies [12] , such as discs, [12a] trigonal prism, [12b-d] [12l] The organic ligand (saphH2) (Scheme S1a) used to yield CCs 6-8 offers similar coordination pockets with H2deg (Scheme S1b). However, a comparison with CCs 6-8, the heptanuclear CCs 1-5 have more OH -and benzoate bridging units, which are important for transferring magnetic interactions. Moreover, CCs 1-5 are neutral and 6-8 are negative charged. Interestingly, an automatic graphical search of all polynuclear CCs (3d, 4f, 3d-4f, 4d) shows that this topology (2,3,4M7-2) ( Figure S3 ) has been seen only in 4f chemistry. [16] Scheme 1. Coordination modes of diethylene glycol and benzoate in CC 4.
Magnetic studies
Static magnetic susceptibility measurements were performed on polycrystalline samples of 2-5 in the temperature range of 2-300K under an applied direct-current (dc) field of 1000Oe, and the magnetic data based on these measurements are summarized in Table 1 . The room temperature χT values of 2-5 are close to the expected values for seven isolated Ln III ions (Table 1) . On cooling, the χT product of 2 slightly decreases with decreasing temperature to 50K and then sharply decreases to 24.75 cm 3 K mol versus T curve of 2 in the range of 50-300K by the Curie-Weiss law results in θ=-2.08 and C=55.31 cm 3 K mol -1 ( Figure S4 ). The negative Weiss constant further confirms the overall antiferromagnetic coupling in this system. In the case of 3 and 5, the χT values decrease with cooling over the whole temperature range, which is probably due to a combination of intramolecular antiferromagnetic interactions and thermal depopulation of the Stark sublevels of Tb III or Ho III ions (Figure 2 ). For 4, the χT product gradually decreases to a minimum of 87.60 cm 3 K mol -1
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This article is protected by copyright. All rights reserved. [12] Ferromagnetic couplings at low temperature were observed in the Dy7 CC reported herein, but such behavior was not detected in other Dy7 systems. [12] Figure 2. Temperature dependence of the χT products for CCs 2-5.
The magnetization of 2 almost reaches saturation at 2K and 70KOe (Table 1 and Figure S5a ), indicating the absence of any significant anisotropy in this system. For 3-5, their magnetizations below 5K increase with rising applied field and without reach saturation even up to 70KOe (Table 1 and Figure  S5b-d) . The lack of saturation at low temperature and high magnetic field indicates the existence of anisotropy and/or lowlying excited states in these systems. This conclusion is further proved by M versus HT -1 plots below 5K, which are nonsuperposed on a master curve ( Figure S6 ), as expected for systems with anisotropy and/or low-lying excited states. In view of the magnetic anisotropy possessing by 3-5, the altering-current (ac) susceptibility measurements were conducted to probe the magnetic dynamic of these systems. No ac signals were observed for 3 and 5. In the case of 4, the outof-phase ac susceptibilities show clear frequency dependent, but no maxima were detected above 2K (Figure 3 and Figure S7 ), suggesting fast relaxation of the magnetization. In order to slow down the relaxation, further ac susceptibility measurements were performed under different external field at 2K. The outof-phase ac components under different dc fields show little change ( Figure S8 ), indicating the relaxation dynamic of this system is not influence by quantum effects at least above 2K. [17] Considering a single relaxation process, the energy barrier (Ea) and pre-exponential factor (τ0) of 4 can be roughly estimated by equation: ln( ′′ ′ ⁄ ) = ln( 0 ) + ⁄ . [18] The least-squares fits of the ac data gave an energy barrier of ~6.0K and a preexponential factor of ~2.35×10 -6 s (Figure 3 inset) , which is consistent with the expected values (τ0=10 -6 -10 -11 s) for SMMs.
[1] Due to the large spin of Gd III and the absent of magnetic anisotropy, the magnetic entropy change (-ΔSm) of 2 was investigated to assess the magnetic caloric effect (MCE). TheΔSm can be extracted from magnetization data ( Figure S9 ) by using Maxwell equation:
. As shown in Figure 4 , the maximum of -ΔSm for 2 is 34.6 J Kg -1 K [19] To the best of our knowledge, the experimental value of 2 is higher than that of other Gd7 CCs so far discovered.
[12a, b, g, h]
Potoluminescent properties
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This article is protected by copyright. All rights reserved. emission at 592nm belongs to magnetic dipole character and its intensity is almost not influenced by coordination environment.
[20] Figure 5 . Solid-state emission spectra of CC 1 at room temperature.
The electric dipole 5 D0→ 7 F2 transition at 617nm is much stronger than 5 D0→ 7 F1 transition at 592nm, indicating the absence of inversion symmetry at Eu III centers, [3a, 20] which is consistent with the results from single crystal diffraction. CC 3 emits green light under excitation at 369nm ( Figure S10b ) and yields a typical Tb III emission spectrum (Figure 6 ). The emission bands at 491, 545, 583, 620nm can be attribute to the 5 D4→ 7 FJ (J=6→3) transition of Tb III ion. The spectrum is dominated by the hypersensitive 5 D4→ 7 F5 transition, which is responsible for the green emission.
As shown in Figure 7 , the spectrum of 4 exhibits three emission peaks at 482, 578 and 673nm under excitation at 350nm ( Figure  S10c ), which correspond to the transition from the 4 F9/2 excited state to 6 HJ (J=15/2, 13/2 and 11/2). The most intensive emission at 578nm belongs to the 4 F9/2 → 6 H13/2 transition of Dy III center, which is responsible for the yellow emission. The intensity of yellow emission ( 4 F9/2 → 6 H13/2) is higher than that of blue emission ( 4 F9/2 → 6 H15/2) in the spectrum of 4. This observation suggests that Dy III ions are located at low symmetric coordination environment, [21] which is in agreement with the crystallographic results. All three CCs display characteristic emission spectra of corresponding lanthanide ions. It means that the ligands can sensitize the photoluminescence of lanthanide centers effectively. The luminescence decay curves of CCs 1, 3 and 4 were investigated by monitoring the emissions at 617, 545
This article is protected by copyright. All rights reserved. and 578 nm in solid state at room temperature ( Figure S11) 
Conclusions
The first examples of polynuclear CCs constructed from H2deg are reported in this study. Five heptanuclear lanthanide CCs with scarce tip-sharing double-butterfly topology have been obtained by using a mixed ligand synthetic protocol incorporating diethylene glycol and benzoic acid as ligands. The present synthetic strategy yields CC 4 that shows slow magnetic relaxation with an energy barrier of about 6K, and 3 that possesses outstanding MCE with entropy change of 34.6 J Kg -1 K -1 at 2K and ΔH=7T, which is highest among the already reported Gd7 CCs. [12a, b, g, h] Additionally, CCs 1, 3 and 4 display the characteristic emissions of corresponding lanthanide ions at room temperature. This work illustrates that the proposed mixed oxygen-donor ligand synthetic strategy is an effective synthetic tool to construct high nuclearity CCs with fascinating magnetic and luminescent properties. Ongoing investigations for the synthesis of other derivatives are in progress in our laboratory.
Experimental Section Synthetic procedures
All the materials and reagents were obtained from commercial sources, and were used as received without further purification. All reactions were carried out under aerobic condition. Similar procedure was employed to prepare CCs 1-5 and hence only the synthesis of CC 1 is described here in detail.
[Eu7(μ3-OH)4(deg)2(Hdeg)2(ben)11]· 7CH3CN (1) A mixture of diethylene glycol (1.068g, 10mmol), benzoic acid (0.122g, 1mmol) and Eu(NO3)3· 6H2O (0.223g, 0.5mmol) was dissolved in CH3CN (20mL). The mixture was stirred for 30min at 55º C, and then triethylamine (0.28mL, 2mmol) was added. The resulting mixture was stirred for another 3h at 55 º C and then filtered when the solution was cooled. Slow evaporation of the filtrate at room temperature gave colorless crystals after several days. [Gd7(μ3-OH)4(deg)2(Hdeg)2(ben)11]· 7CH3CN (2). Yield: 80mg (36% based on Gd). Calc. (%) for C93H93Gd7O38· 0.7CH3CN· 7H2O: C 36.88, H 3.58, N 0.32; found: C 36.66, H 3.30, ): 3420(br), 3064(w), 2924(w), 2870(w), 1597(m), 1548(m), 1405(s), Table 2 . Crystallographic data and structure refinement for CCs 1-5. 
Physical measurements
Elemental analyses (C, H and N) were performed on an Elementar Vario EL elemental analyser. Fourier transform IR spectra were measured on a Nicolet IS10 Spectrum with samples prepared as KBr discs. Powder XRay diffraction patterns for all complexes were measured at room temperature using a Bruker D8 ADVANCE X-ray diffractometer. Magnetic measurements were conducted on a Quantum Design MPMS-XL SQUID magnetometer or a Quantum Design PPMS DynaCool-9 magnetometer. The magnetic data were processed by using formula weight from elemental analysis. The magnetic data were corrected for diamagnetic contribution by using Pascal's constants. The luminescent spectra were recorded on a Jobin Yvon FL3-TCSPC fluorescence spectrometer. The lifetimes of CCs 1, 3 and 4 were explored by an Edinburgh FLS-920 fluorescence spectrometer. The decay curves of CCs 1, 3 and 4 were fitted by a double exponential function, = + 1 exp (− / 1 ) + 2 exp (− / 2 ) and the average lifetimes (τ) were calculated by equation, = ( 1 1 2 + 2 2 2 )/( 1 1 + 2 2 ). [23] Single crystal X-ray diffraction
The data of 1-5 were collected on a Bruker SMART APEX II diffractometer at 173(2)K using graphite-monochromated Mo-Kα radiation. All structures were solved by direct methods and refined by fullmatrix least squares analysis on F 2 , using the SHELXTL package. [24] Ordered non-H atoms were refined anisotropically, H-atoms were placed in calculated positions and refined using a riding model. The contributions from severely disordered solvent molecules in CC 5 were removed by SQUEEZE option in PLATON. [25] Details of the crystal structures, data collection and refinement are summarized in 
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